Bose-Einstein correlations of two identically charged pions are derived when these particles, the most abundantly produced in relativistic heavy-ion collisions, are confined in finite volumes. Boundary effects on a single-pion spectrum are also studied. Numerical results emphasize that the conventional formulation usually adopted to describe two-pion interferometry should not be used when the source size is small, since this is the most sensitive case to boundary effects. Specific examples are considered for better illustration.
I. INTRODUCTION
It is generally expected that high-energy heavy-ion collisions may provide the tools to probe the existence of a new phase of matter of strongly interaction particles, the quarkgluon plasma ͑QGP͒, at high temperature and high baryon density ͓1͔. The hope of discovering the QGP in high-energy heavy-ion collisions is to some extent connected to the possibility of measuring the geometrical sizes of the emission region of secondary particles. An important tool for accomplishing such size measurements is the so-called Hanbury Brown-Twiss interferometry ͓2͔. This method was originally proposed in the 1950s for measuring stellar radii but, shortly afterwards, it was discovered ͓3͔ that a similar procedure could also be applied to high-energy collisions for determining the dimensions of pion-emitting sources. This method has been extensively developed, improved, and better understood since the pioneering times ͓4͔.
Different from the stellar case, however, where the dimensions are indeed immense, in the subatomic level the effects associated with the small sizes of the particle emitters and their boundaries may have an important role. Indeed, already in the well-known paper by Gyulassy, Kauffmann, and Wilson ͓5͔, and more recently, in Refs. ͓6-11͔, effects of source finiteness on particle spectra and correlation functions were considered, although the conclusions of some of them were somewhat contradictory. For example, the lowtransverse-momentum region of Refs. ͓8,11͔ is shown to be enhanced with respect to the Bose-Einstein distribution. However, this enhancement was not observed in other references quoted above. As we shall see later, in agreement with the results of Refs. ͓7,9,10͔, a depletion in the lowmomentum region is observed instead. This apparent discrepancy may be explained by both the form chosen for the density matrix in Refs. ͓8,11͔, and by the full fieldtheoretical approach adopted there. However, the inherent difficulties of that approach are enormous, and the simpler treatment discussed in the present paper already sheds light on the relevant points of the problem.
The approach suggested in Refs. ͓7,9͔ seemed appealing for the following reasons. First, it considered that in ultrarelativistic nucleus-nucleus collisions pions are the most abundantly produced particles, being emitted at freeze-out temperatures around 0.1-0.2 GeV. Following Refs. ͓9,10͔, it was argued that right after these collisions, since the average pion separation is smaller than their interaction range, the pions in such a stage of the system evolution are still strongly interacting with each other. The effects of interaction among pions could then be modeled by considering that they move in an attractive mean-field potential, which extends over the whole pion system. This implies, for instance, that in the two-pion case, they would not suffer any effects other than mean-field attraction and an identical particle symmetrization. Consequently, rather than being in a gas, the pion system should be considered in a quasibound liquid phase, with the surface tension ͓12͔ acting as a reflecting boundary. Although details on this reflection depend on the pion wavelength, the pion wave function could be considered as vanishing outside this boundary. The pions become free when their average separation is larger than their interaction range. Due to the short range of the strong interaction, however, we would expect this liquid-gas transition to occur very rapidly, in such a way that the momentum distribution of pions could be essentially governed by their momentum distribution just before they freeze out. Under these circumstances, we would also expect that the observed pion momentum distribution would be modified by the presence of this boundary. This is, in fact, what is analyzed in this work, as well as in Refs. ͓7-11͔.
On the other hand, since pion interferometry is sensitive to the geometrical size of the emission region as well as to the underlying dynamics, we would expect that the boundary would also affect the correlation function, but a priori we would not know how. Would it affect single-and doubleinclusive distributions similarly? How would the intercept of the two-particle correlation function behave? How would the general shape of this function be affected? For insight into these questions, here we investigate the effects exerted by the boundary on the two-particle correlation function. We could naively expect that the importance of quantum statistics would progressively increase as the dimension of the emission region decreases. The results turned out to fulfill these expectations exactly. Consequently, semiclassical approaches would have their applicability limited by the size of the emission region in focus. In other words, small emission volumes would stress the need for quantum statistics and, as a consequence, classical density matrices would lead to inconsistent results. This problem is clearly illustrated later in the present work.
The plan of this paper is the following: in Sec. II, we derive the single-inclusive distribution, as well as the twopion correlation function, considering a density matrix suited for describing Ϯ Ϯ Bose-Einstein effects. In Sec. III, the boundary effects on the two-pion correlation and singleparticle spectrum distribution are illustrated by means of two specific examples. Section IV is devoted to illustrating the results which would be expected when previous methods for deriving two-pion interferometry formula are employed, and in addition finite volume effects are studied. Finally, conclusions are discussed in Sec. V. 0 and ϩ Ϫ cases. For this purpose, the formalism proposed in Refs. ͓6,8,11͔ may be more adequate.
The two-particle correlation can be written as
͑17͒
We can see immediately from the above formula that if qϭp 1 Ϫp 2 ϭ0 we have C 2 (p,p)ϭ2. We also notice that the result for the correlation function in Eq. ͑17͒ reflects the symmetrization over different states ͑and thus, the uncertainty in the determination of the pion state͒.
Within this formulation we can also define the corresponding Wigner function, g(x,K), as
Consequently, we can write
By means of this Wigner function, the two-pion interferometry formula can be rewritten as ͓13-15͔ 
͑20͒
In the above equation, Kϭ(p 1 ϩp 2 )/2 is the two-pion average momentum, and qϭp 1 Ϫp 2 is their relative momentum. Here g(x,K) can be interpreted as the probability of finding a pion at point x with momentum K.
III. TWO-PION CORRELATION FROM A FINITE VOLUME

A. Example 1
In order to investigate the effect of the boundary on the single-and two-pion distribution functions, we assume that pions produced in high-energy heavy-ion collisions are bounded in a sphere, just before freezing out. In other words, their distribution functions are essentially the ones they had while confined. The pion wave function should be determined by the solution of the Klein-Gordon equation
where k 2 ϭE 2 Ϫm 2 is the momentum of the pion. On writing the above equation, we have assumed that the potential ''felt'' by the pion inside the sphere is zero, while outside it is infinite. The boundary condition to be respected by the solution is
where R is the radius of the sphere at freeze-out time.
The normalized wave function corresponding to the solution of the above equation can easily be written as
The momentum of the bounded particle, k, can be determined as the solution of the equation
Inserting Eq. ͑23͒ into Eq. ͑7͒, we can determine the Fourier transform of the confined solution of a pion inside the sphere, as a function of the momentum p, as
On deriving the above equation, we have made use the following integral equations:
In addition, by imposing that the solution should vanish at the boundary, expressed by Eq. ͑24͒, it can be shown that
i.e., klm (p) is a continuous function of p at pϭk. Using the condition expressed by Eq. ͑24͒, Eq. ͑25͒ can be further simplified as
In terms of Eq. ͑27͒, the single-inclusive distribution function is given by
where we have used that
Up to this point we have considered the pions confined in a sphere, which required the wave function to have a sharp change at rϭR. However, as discussed in Ref. ͓16͔, it could be more appropriate to consider a smoother boundary, by softening the potential felt by the pion at rϭR. Unfortunately, this procedure would turn the problem into a very complex one ͓16͔, and is beyond the scope of this paper. Nevertheless, as a diffuse boundary would cause a gradual decrease to zero of the pion wave function, it could be simulated by taking the limit R→ϱ ͓16͔ in Eq. ͑26͒, i.e.,
͑34͒
Then, by imposing the completeness relation ͓Eq. ͑3͔͒, we can show that
͑35͒
With the ␦ function in Eqs. ͑32͒ and ͑34͒, the singleparticle spectrum, in the limit R→ϱ, is then written as
where Vϭ(4/3)R 3 is the volume of the sphere. We see from Eq. ͑36͒ that the ordinary Bose-Einstein distribution is recovered in the limit of a very large volume.
For pϭ0 and Vϭ(4/3)R 3 , Eq. ͑30͒ becomes
where
In the limit R→ϱ, we have
which is consistent with Eq. ͑36͒. From Eq. ͑37͒, we see that the intercept of the spectrum depends on the value of the radius: as R increases, E n be-comes smaller, and the maximum value of this distribution, corresponding to ͉p͉ϭ0, becomes higher. In all numerical estimates considered in the present work we have fixed ϭ0. In Fig. 1 , the normalized single-particle distribution is plotted as a function of ͉p͉. We have chosen a discrete normalization, obtained by imposing Nϭ ͚ iϭ1 N P 1 (p i ), where N refers to the total number of bins in which the distribution is subdivided.
We clearly see from Fig. 1 that, due to the boundary effects, the maximum value of ͉p͉ in the spectrum decreases for decreasing volumes, being always smaller than the case corresponding to the R→ϱ limit. The explanation for this behavior can be understood in terms of the uncertainty principle, i.e., as the volume of the system decreases, the uncertainty in the pion coordinate decreases accordingly, causing a large fluctuation in the pion momentum distribution. We should note that this result coincides with the one obtained in Refs. ͓7,9͔, and is opposite to the results of Refs. ͓8,11͔.
Regarding the spectrum, we could also inquire how the freeze-out temperature would affect it, and how the finitesize effect would compare with the R→ϱ limit for different temperatures. This is illustrated in Fig. 2 . The curves there should be compared in groups of two: solid (T ϭ0.14 GeV) and dotted (Tϭ0.11 GeV). For emphasizing the differences and similarities as ͉p͉ increases, we plot the difference between the two curves in each group, ⌬ P 1 (p) Fig. 3 . We see that, the lower the temperature, the larger the difference between the curves of each group in the small momentum region. Decreasing the temperature has a similar effect on the spectrum to that of decreasing the radius: in both cases the fluctuations in the small region of the pion spectrum increases and the corresponding maximum is reduced. In other words, the boundary effects are more significant when we deal with systems whose dimensions and temperatures are small.
We should observe that, except in Figs. 2 and 3 where the temperature dependence is studied, we have fixed T ϭ0.12 GeV. The reason for this relies on Shuryak's arguments ͓12͔, according to which, for temperatures in the range 0.1рTр0.2 GeV, the excited pionic matter would be better described as in a liquid phase inside a surface created by their mutual interaction. He added that, for Tу0.15 GeV, the influence of resonances become important, but these are not included in the present study. Therefore, we chose T ϭ0.12 GeV, which is also of the order of the recent experimental freeze-out temperature estimated from both interferometry and spectra. Similarly, for the expectation value of the product of two pion creation operators in momentum space, we can write FIG. 1. Normalized spectrum ͑in arbitrary units͒ vs momentum ͉p͉ ͑in GeV/c). The input temperature is Tϭ0.12 GeV, and the chemical potential is ϭ0. The solid line corresponds to the BoseEinstein distribution, i.e., to the limit R→ϱ. The dotted and dashed lines correspond, respectively, to the Rϭ6 fm and Rϭ3 fm cases.
FIG. 2. Normalized single-particle distribution ͑in arbitrary units͒ vs momentum ͉p͉. The input parameters are ϭ0, and the radius in the finite case Rϭ3 fm. The curves are shown for two values of the freeze-out temperature: Tϭ0.14 GeV ͑solid line͒ and Tϭ0.11 GeV ͑dotted line͒, and compared with the corresponding ones in the R→ϱ limit.
FIG. 3. Difference in the momentum distribution ͑in arbitrary units͒, ⌬ P 1 (p)ϭ P 1 (p)͉ Rϭ3 fm Ϫ P 1 (p)͉ Rϭϱ , vs ͉p͉, of curves with Rϭ3 fm and the corresponding ones in the R→ϱ limit, for two values of the freeze-out temperature T, as indicated in the plot, with ϭ0.
The two-pion interferometry correlation function can then be estimated by inserting the above expression into Eq. ͑17͒. In general, this function will depend on the angle between p 1 and p 2 . For the sake of simplicity, we will consider p 1 parallel to p 2 , implying that P l (p 1 •p 2 ϭϮ1)ϭ(Ϯ1)
l . The results for two-pion interferometry corresponding to different values of the pair average momentum Kϭ(p 1 ϩp 2 )/2, but fixed temperature, are shown in Fig. 4 . We can see that, as the pair average momentum increases, the apparent source radius becomes larger, which is an interesting behavior, if we compare to results corresponding to expanding systems. In this last case, the probed part of the system decreases with increasing average momentum. Naturally, our present approach does not consider the effects of expansion, and the enlargement of the system's apparent dimensions with increasing K, seen in Fig. 4 , has its origin in the strong sensitivity to the dynamical matrix. This can be better understood by observing the presence of the weight factor N in Eq. ͑17͒, with N expressed in Eq. ͑13͒. The increase of the average momentum reflects the increase in the individual momenta p 1 and p 2 , which comes from larger values of the sum coefficient k in Eq. ͑17͒. This has two opposite effects: the factors 1/(p i 2 Ϫk 2 ) give larger contribution for kϳp i . However, larger values of k would also make the exponential factor ͑with ϭ0͒ drop faster. Thus, by increasing K, we are effectively including a larger number of k coefficients that contributes to the sum in Eq. ͑17͒, with decreasing weight ϳexp(ϪE kl /T). The interference of these extra terms corresponding to larger k with the terms already considered in the sum would make the correlation function drop faster, consequently becoming narrower. Alternatively, we could understand these results by noting that pions with larger momentum come from larger quantum states which, in turn, correspond to a smaller spread in coordinate space. As the weight factor in Eq. ͑17͒ is of Bose-Einstein form, larger quantum states will give a smaller contribution to the source distribution, causing the effective source radius to appear larger. In order to confirm that the weight factor in Eq. ͑17͒ is the responsible for the behavior observed in Fig. 4 , let us consider the case in which we choose it to be a constant factor, for instance N ϭ1. This situation could be derived from the Bose-Einstein distribution form by considering T ӷ1, so that the two-pion interferometry results would become insensitive to the average momentum, due to the very large values of the temperature. The numerical result corresponding to this case is also shown in Fig. 4 ͑narrower curve͒. On the other hand, with the help of the completeness relation ͓Eq. ͑3͔͒ and of Eq. ͑7͒, by also assuming that the pions are confined in a sphere, it is straightforward to derive the following K independent two-pion correlation function:
For completeness, in Fig. 4 we also include the curve based on Eq. ͑41͒, which coincides with our numerically generated curve, cross checking the correctness of our numerical calculation. Figure 5 shows the two-pion correlation function for increasing values of the spherical radius, i.e., for enlarging volumes. From it, we can clearly see that, as the confining FIG. 4 . The two-pion correlation function C 2 (q) is shown vs the momentum difference ͉q͉ϭ͉p 1 Ϫp 2 ͉. The input parameters are T ϭ0.12 GeV, Rϭ3 fm, and ϭ0. The solid, dotted, and dashed lines correspond to the average pair momentum values K ϭ0.1 GeV/c, 0.2 GeV/c, and 0.3 GeV/c, respectively. The circles refer to numerical results similar to the previous ones but with the unity weight factor N ϭ1 from Eq. ͑17͒. The dot-dashed line corresponds to the analytical result in Eq. ͑41͒.
volume increases, the source radius derived from two-pion correlation also increases, as would be expected.
Again, as discussed previously for the spectrum, we could estimate the effect of a diffuse boundary on the two-pion correlation function by considering the limit R→ϱ. By inserting Eq. ͑34͒ into Eq. ͑40͒, remembering that in this limit we can take ͚ k →͐dk, and using the previous result for the spectrum in this limit ͓Eq. ͑36͔͒ we finally obtain that
as would be expected.
To conclude this section we should keep in mind that, if the system size is very small, it would be sensitive to the boundary effects even if we considered a diffuse boundary. Conversely, if the system size is very large, we would not expect a significant effect in neither the sharp nor the diffuse boundary case ͓16͔.
B. Example 2
In this subsection, we will study the sensitivity of spectrum and of the two-pion correlation function to the system boundaries, by considering the pion system inside a box of dimensions LϫLϫL. We first choose periodic boundary conditions. In this case, the eigenfunction can be written as
Here k is the quantum number which satisfies the following constraint:
The corresponding Fourier transform k (p) can be expressed as
ͬ .
͑45͒
The single-and two-particle distributions follow from Eqs. ͑14͒ and ͑15͒. We should note that, in the limit L→0, and using condition ͑44͒, we find the contribution of only one state (kϭ0) to the two-pion correlation function, resulting in
On the other hand, if we take the limit of V→ϱ, Eq. ͑45͒ becomes
␦͑pϪk͒.
͑47͒
With the above form for k (p) in the limit of very large volumes, for the correlation function we obtain
If, instead of the periodic boundary conditions, we consider that the pions are confined in the box, i.e., we assume the potential outside it is infinite, then two classes of solutions are possible:
It can be shown that, for V→0, we have
while, for V→ϱ, we obtain FIG. 5 . The correlation function C 2 (q) is plotted as a function of the momentum difference, ͉q͉ϭ͉p 1 Ϫp 2 ͉. The input parameters are the temperature Tϭ0.12 GeV, the average pair momentum K ϭ0.4 GeV/c, and ϭ0. The solid, dotted, and dashed lines correspond, respectively, to the sphere radii Rϭ2, 3, and 7 fm.
The reason for including the Ϯ signs in Eq. ͑54͒ comes from the parity property of Eqs. ͑49͒ and ͑51͒. From them, it is immediate to see that solution I has negative parity, while solution II has positive parity. The corresponding Fourier transforms then show the same parity property, i.e.,
From the above results, we can show that the singleparticle spectrum and two-pion correlation function correspondingly have the properties
and
In particular, we see from Eqs. ͑53͒, ͑54͒, and ͑57͒ that, if we choose p 1 ϭϪp 2 ϭp, we immediately obtain C 2 I,II (p 1 ϭϪp 2 ϭp)ϭ2 for the confined boundary condition in both volume limits. That is the reason why, as a consequence of the parity property of the wave function, Eq. ͑54͒ could be extended to C 2 I,II (p 1 ϭϮp 2 ϭp)ϭ2. For periodical boundary condition, however, we have
Then, for the single-particle distribution, we will have the following relation:
Nevertheless, the two-pion correlation function, which can be written as
in the case of the periodical boundary condition, will show no well-defined property under momentum reflection like the one expressed by Eq. ͑57͒.
IV. CONVENTIONAL HANBURY BROWN-TWISS FORMULATION
We now discuss the case of the conventional formulation, usually adopted in Hanbury Brown-Twiss interferometry in terms of classical currents j(x) ͓5͔ representing the pion sources. For simplicity, we consider the momentum as the only quantum number involved in the problem, i.e., we denote ͕͖ as ͕p͖. In addition, we also assume that the pion state could be characterized by the measured momentum. For instance, (p 1 ) represents a pion in a quantum state denoted by p 1 . Then the single-and two-particle distributions can be written as
In the above relations we dropped the subscript ͕͖ of the state. N(p) is the Bose-Einstein distribution. In order to connect to the Hanbury Brown-Twiss effect, we need to make one further assumption: we assume that the source j(x) is chaotic and a function of the coordinates only. (x) is determined as a solution of the equation
The superscript j is introduced as a reminder that j is the solution of Eq. ͑63͒, in the presence of the source j(x). Then j (x) can be written by
In the above expression we used the fact that j(xЈ) is localized in a small volume. The corresponding function in momentum space is then
The current j(x) can be expressed as
where i denotes the number of the collision center; A i is a weight factor which represents the amplitude of the emitter. Assuming they are chaotic and a function of the coordinates only, then
͑67͒
Here ͕•••͖ denotes an average over phases. The singleparticle spectrum and two-pion distribution function are then written as
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Inserting Eqs. ͑68͒ and ͑69͒ into Eq. ͑17͒, we obtain the two-pion interferometry formula expressed as
͑71͒
According to Ref. ͓5͔, the strength of each current could be localized around some inelastic scattering center x i , such that
The current j(xϪx i ) is considered to be peaked around x i , and could be characterized by the size scale of the wave packet; (x i ) is the source distribution function of the emitter. Naturally, we are now considering a simplified picture, in which phase-space correlations are absent. Then Eq. ͑71͒ can be further simplified as
The last terms in Eqs. ͑69͒, ͑71͒, and ͑73͒ discount the contribution corresponding to emitting two pions from the same source. In the case of very large volumes this type of contribution is usually considered to be small when compared to the emission from separate sources. Consequently, in cases where this term O(1/V) can be neglected ͓5,15͔, we recover the well-known two-pion interferometry formula C 2 ͑ p 1 ,p 2 ͒ϭ1ϩ ͵ ͑x ͒͑ y ͒cos͓͑ p 1 Ϫ p 2 ͒͑ xϪy ͔͒dxdy.
͑74͒
In Ref. ͓14͔, a general semiclassical approach to two-pion interferometry was used, in which a Gaussian wave packet spread was allowed for incorporating minimal effects due to the uncertainty principle. As pointed out in the above reference, Eq. ͑74͒ corresponds to approaching the classical regime, i.e., it would be valid only when the wave-packet size is negligible, which would also be equivalent to consider system sizes much larger than the wave-packet size. Being so, the above derivation would be considered as a good approximation only in cases where the source size is large, as in heavy-ion collisions. However, we should be cautious when using it in e ϩ e Ϫ collisions as, in this case, the source radius is small and the third term in Eq. ͑73͒ may not be negligible. In addition, the chaotic source ansatz is also questionable there. Just to emphasize this point, let us naively consider a fictitious source of 0 fm size, i.e., (x)ϭ␦(x). Then, from Eq. ͑74͒, we would obtain
and, for the chaoticity parameter,
Naturally, we cannot think of a ''zero size'' source as being chaotic. Actually, as stated in Ref. ͓5͔, and illustrated above, the chaotic ansatz is only correct when the source size V is much larger than the size of the wave packet. In the fictitious source case above, if we do not neglect the third term in Eq. ͑71͒, we would obtain
which is the correct two-pion interferometry result for the above model ͓17͔.
For confronting the role of the correction term in Eqs. ͑71͒ and ͑73͒ with the correlation function estimated by using Eq. ͑74͒, we choose, for simplicity, A i ϭ1/ͱV and j i (x)ϭ1/ͱV , where V is the total volume of the source and V is the volume of the emitter, which is of the order of the wave packet size. In Fig. 6 we show the corresponding results. We see that, for Vϭ(5 fm) 3 and V ϭ(1 fm) 3 , the third term is much smaller then the second, and could be neglected, while for Vϭ(2 fm) 3 and V ϭ(1 fm) 3 , its correction is substantial. Clearly then, these results depend strongly on the wave-packet size: the smaller it is with respect to the system size, the better is the approximation represented by Eq. ͑74͒. From the results in Fig. 6 , it seems that, if the wave packet size is about 1 fm, we could use the conventional pion interferometry formula in Eq. ͑74͒ for analyzing pion interferometry in heavy-ion collisions. However, we could not use it to analyze e ϩ e Ϫ collisions, since in that case the source radius is of the same order as the wave-packet size, and the contribution the third term is nonnegligible. It is interesting to note that the above derivation is equivalent to the one in Refs. ͓5,15͔ where a density-matrix formulation was also used. Appendixes A and B contain, respectively, further discussion regarding a density matrix formulation leading to an equivalent of Eq. ͑71͒, and a simple unified form for the two formulations.
V. CONCLUSIONS
In this paper, we derived a two-pion correlation function by adopting a different density matrix, as given in Eq. ͑8͒. The finite volume effects on the pion spectrum were then studied in Figs. 1, 2, and 3, leading to similar results as in Refs. ͓7,9,10͔. We found that the small momentum region is depleted with respect to the Bose-Einstein distribution. The effects on two equally charged pion correlation function were also analyzed. The results in Figs. 4 and 5 show that the correlation function shrinks for an increasing average pair momentum and for increasing size of the emitting source, respectively, corresponding to an increase of its inverse width. The first result reflects a strong sensitivity to the dynamical matrix, through the Bose-Einstein weight factor, as discussed in Sec. III A. We also discussed the effects of a diffuse boundary on the spectrum and correlation function by considering a smooth decrease to zero of the wave function as R goes to infinity.
We also compared the results obtained by means of Eq. ͑17͒ with those estimated by using Eqs. ͑71͒ or ͑73͒, showing that they may differ significantly when small volumes are considered. For instance, from Figs. 4 and 5, and as a result of Eq. ͑17͒, we see that the boundary affects the single-and the double-inclusive distributions in a consistent way, as the intercept of the correlation function remain unchanged when altering the system size. Nevertheless, when looking at the curves generated by using Eq. ͑71͒ in Fig. 6 , we see that the intercept of C(q) drops as the size of the system is reduced, leading to unphysical results. The relation of the system size to the wave packet size is the key to understand this behavior: when this last one cannot be considered much smaller than the first one, the additional term in Eqs. ͑71͒ or ͑73͒ would give a non-negligible contribution. Otherwise, Eqs. ͑71͒ or ͑73͒ would approximate the conventional Hanbury Brown-Twiss formulation, represented by Eq. ͑74͒, which was derived under the condition that the system size is much larger than the wave-packet size. Nevertheless, we should note that this assumption was not necessary for obtaining Eq. ͑17͒, since this was derived strictly within the quantal realm. It is interesting to remark that, in the simplistic case of a Gaussian breakup distribution, considering wave packets with non-negligible widths, Eq. ͑61͒ of Ref. ͓14͔ showed that the inverse width is enlarged in direct proportion to the wave packet size,
In this expression, R is the Gaussian width in space-time, P is the width of the Gaussian distribution in momentum space, and ⌬x and ⌬p are the corresponding wave-packet spread. For Rϳ2 fm, Pϳ0.14 GeV/c, and minimum packets with ⌬xϭ1 fm, the corresponding inverse width would be R ⌬ Ϸ2.16 fm, an increase of about 8%. This very rough estimate seems to be of the same order of the decrease in width ͑i.e., the increase in the apparent radius͒ seen in Fig. 6 . Finally, in Appendix A we show that, by adopting another density matrix instead of the one proposed in Eq. ͑8͒, we can derive an interferometry result which is similar to Eq. ͑71͒. In Appendix B, we suggest a simplified way of unifying these two formulations, i.e., of recovering each of them by means of a parameter choice.
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APPENDIX A
In what follows, we show that, by considering the density matrix ϭ ͟ ͑A1͒
instead of the one proposed in Eq. ͑8͒, we can also derive an interferometry result which is similar to Eq. ͑71͒, where
6. The two-pion correlation function C 2 (q) is shown vs ͉q͉ϭ͉p 1 Ϫp 2 ͉. To help with visualization, the curves are separated by brackets into two groups. In the first, denoted by (Ã), the curves were obtained with the help of Eq. ͑71͒. The other group, denoted by (#), corresponds to curves obtained by means of Eq. ͑74͒. The values adopted for the finite system sizes, i.e., Lϭ2, 3, and 5 fm, are shown in the plot.
The corresponding pion multiplicity distribution is given by P n ϭ ͗n ͘ n n ! exp͑Ϫ͗n ͒͘, ͗n ͘ϭN ϭexp͑Ϫ͑E Ϫ ͒/T ͒, and the single-particle spectrum is then
In the limit V→ϱ, we obtain the Boltzmann distribution instead of the Bose-Einstein distribution derived previously in Sec. III. Similarly, we can derive the two-pion correlation function as
